ABSTRACT: Calanus species are the main link between primary producers and higher trophic-level organisms in the Barents Sea. The natural mortality rate is an essential parameter for determining the standing stock of Calanus, but it is also one of the most uncertain parameters in present knowledge. The level of human activity, and the associated risk of pollution, is increasing in the Barents Sea, and knowledge of the Calanus population response to increased mortality is crucial for management of the ecosystem. In the present study, we estimated natural mortality rates of Calanus, based on available field data from the Barents Sea, and performed numerical simulation experiments with a coupled physical-biological model, testing the response of Calanus populations to changes in mortality rates, and other related ecological parameters. The field-based estimates of natural mortality showed high variability. The model simulations showed that the 2 Calanus species modelled, C. glacialis and C. finmarchicus, respond differently to increased mortality, and that in creased mortality alters both the timing of peak Calanus production and biomass relative to peak primary production. These simulations illustrate the potential for a mismatch between peak food availability and Calanus population dynamics in the Barents Sea as a consequence of natural or human-induced perturbations. We suggest that the observed differences in the 2 Calanus species' responses to perturbations relates to each species' life cycle and habitat characteristics. The present study illustrates how models can be used to assess key parameters affecting species' population dynamics and some potential consequence of external forcing factors affecting mortality.
INTRODUCTION
Calanus glacialis and C. finmarchicus are key species in the transfer of energy from phytoplankton to higher trophic-level organisms in the North Atlantic and the Barents Sea (Conover 1988 , Falk-Petersen et al. 2009 ). Their ability to synthesise and store lipids makes them attractive prey items and they are robust survivors in environments characterised by high natural variability in environmental parameters (FalkPetersen et al. 1990 ). In the Barents Sea, C. glacialis is the dominating copepod species in terms of biomass in the Arctic water masses north of the Polar Front, while C. finmarchicus dominates in the Atlantic water masses south of the front. Natural mortality is a key parameter for determining the standing stock of Calanus spp., both after the overwintering season and during the productive season. It is also one of the most uncertain para meters because it is difficult to directly measure or establish by indirect methods (Aksnes & Ohman 1996) . Mortality may be the result of natural events driven by, for example, limited food availability or the presence of abundant predatory species, or by human activities, such as pollution. In the Arctic, industrial activities are on the rise. For example in the Barents Sea, petroleum transport from Russia along the Norwegian coastline increased from insignificant volumes in 2002 to an estimated 20 million tons in 2009 (Bambulyak & Frantzen 2009 ). Parts of the Barents Sea have already been opened for oil and gas exploration, and the Lofoten and Vesterålen shelves, at the 'entrance' to the Barents Sea, are currently being considered for oil and gas exploration by the Norwegian government. In creasing petro leum transport, oil and gas exploration, and other industrial activities increase the risk of accidents and the potential for negative impacts on individual organisms and ecosystems (Chap man & Riddle 2003) . Understanding Calanus population re sponses to increased mortality is crucial for management of the Barents Sea ecosystem.
A difference between the 2 Calanus sibling species is their life history. C. glacialis has 2 overwintering seasons while C. finmarchicus has only 1 overwintering season before the reproductive stage (Tande 1991 , Kaart vedt 1996 . C. finmarchicus is a boreal species and its abundance in the Barents Sea strongly depends on the advection of Atlantic water into the Barents Sea. In contrast, C. glacialis overwinters on Arctic shelves including the Barents Sea (Hirche & Kwasniewski 1997 , Falk Petersen et al. 2009 , with advection playing a minor role in sustaining population size. Most of the C. finmarchicus population overwinter outside the shelf break, west of Norway and the Barents Sea at 700 to 1000 m depth (Østvedt 1955 , Halvorsen et al. 2003 , Slag stad & Tande 2007 . C. glacialis has slower growth, lower mortality, and larger individuals compared to C. finmarchicus (Scott et al. 2000 , Arnkvaern et al. 2005 . C. finmarchicus and C. glacialis spawn in spring to 'match' the period of enhanced primary production (Conover 1988 , Falk-Petersen et al. 2009 ). The size of the overwintering population of adults is thought to play an important role in the recruitment of the next generation of Calanus, influencing Calanus production and biomass in the following spring season. Variability in production and biomass in fluences food availability and energy transfer to higher trophic levels of the Barents Sea food web.
The aim of the present study was to investigate the sensitivity of the response of Calanus spp. in the Barents Sea to increased mortality, expressed in terms biomass and production rate, i.e. the re silience of Calanus populations to perturbations characterised by periods of increased acute mortality. To achieve this we performed numerical model experiments simulating Calanus production and biomass. We examined (1) model responses of the Calanus populations to changes in overwintering population size and growthseason population size, (2) variable mortality rate scenarios for Calanus constrained by estimated natural mortality rates and timing of epi sodically increased mortality, and (3) the sensitivity of Calanus biomass to a simulated increased and prolonged mortality event to represent a simple first-approach simulation of the temporal and spatial impact of a large oil spill (blowout).
MATERIALS AND METHODS
Estimating natural mortality rates. To quantify patterns in mortality that could be used to constrain variability in scenario modelling, we opted for a simple approach where mortality was estimated separately for 2 periods of the year: the high-productivity season (May through August) and the low-productivity season (September through April). The May through August period roughly corresponds with the period of rapid increase in the number of copepodite stages in Calanus populations in Svalbard waters (78°N), whereas the rest of the year is characterised by declining copepodite population densities (Arnkvaern et al. 2005) in the study area. Note that our data sets do not in clude the earliest life stages (eggs and nauplii) of Calanus, which could be active before May (e.g. Conover 1988 ). This is a source of potential bias in our analysis. However, field studies indicate the presence of Calanus nauplii in significant quantities only between early May and late June, with a clear peak in late May (Arnkvaern et al. 2005) . Calanus mortality for both seasonal periods were computed for 2 regions: the northwestern Barents Sea (based on stage-structured data series presented in Arnkvaern et al. 2005 ; in total 36 and 56 data points for the May to August and September to April periods, respectively), and the southeastern Barents Sea based on data from the International Ocean Atlas Series (Vol. 2: Biological Atlas of the Arctic Seas 2000, available at www.nodc.noaa.gov/ OC5/ BARPLANK/ WWW/ HTML/ bioatlas. html; 96 and 327 data points for the MayAugust and September-April periods, respectively). These data are from sampling performed in the southeastern Barents Sea (68°12' to 73°00' N, 33°30' to 41°20' E), collected from 1952 to 1962. Sampling was performed by vertical Juday net hauls (mesh size: 168 μm, sampling area: 0.11 m 2 ). We have limited our analysis to observations from stations where bottom depth exceeded 100 m. This should reduce noise caused by near-bottom or shore effects that may exist for instance on shallow banks or in estuaries (Mann & Lazier 2006 ) of a combination of 2 consecutive stages (i and i + 1) from the ratio (r i ) of the abundance (n, ind. m (for m by iteration) for the combination of 2 juvenile stages, and (2) for the combination of the oldest juvenile stage and the adult stage (Aksnes & Ohman 1996) . As VLT estimation relies on estimates of ratios between stage-specific abundances and not absolute abundance estimates, it is assumed to be relatively robust to variations in abundance associated with advection, as long as the combination of stages under analysis is affected in the same manner (Aksnes et al. 1997) . Thus this method is well suited for the open-ocean data sets used here. To limit variance caused by small-scale patchiness in copepod abundance we limited our ana lysis to data points that contained at least 50 individuals (assuming a mean sampling volume of 17.8 m 3 ) of each stage-pair for which mortality was estimated. In this way we obtained a total of 163, 180, 202, 258 , and 126 mortality estimates for stage-combinations CI-CII, CII-CIII, CIII-CIV, CIV-CV, and CV-adult females for C. finmarchicus, and 26, 31, 72, 74 , and 47 mortality esti mates for the same stage combinations of C. glacialis.
We estimated the duration of developmental stages from the Bêlehràdek temperature function
where T is temperature (°C), and a is a stage-specific constant for which we used the empirically fitted values for Calanus finmarchicus copepodite stages CI to CV obtained by Campbell et al. (2001) . Adult stages were assumed to be of infinite duration. To estimate duration of developmental stages of C. glacialis we assumed the temperature-specific con version function from C. finmarchicus development times given by Arnkvaern et al. (2005) . To account for increased development time of dormant developmental stages in winter (primarily CV in C. finmarchicus, and CIV and CV in C. glacialis; Conover 1988 , Hirche & Kwasniewski 1997 , we increased the temperature-dependent model of stage duration by 150 d. This was chosen as it is the approximate time period for life-cycle closure for a C. finmarchicus CV active in August to reproduce around 1 March the coming year in these waters (Arnkvaern et al. 2005) .
Stage-specific mortality estimates for each of these periods were converted into weight-specific rates by the following procedure: for each stage-pair for which mortality rate was estimated, we computed weight-specific mortality by estimating the standing stock biomass for the stage-pair from the abundance data and published size-weight regressions (Mauchline 1998 ) assuming a medium length value for all stages in the data used in Arn kvaern et al. (2005) . For each station we computed the weighted average of mortality based on the contribution to total biomass from each stage-pair. Estimated weight-specific mortality was then estimated by averaging over all stations included in each region and seasonal periods. Note that this procedure ignores contributions to total biomass from developmental stages not assigned to a stage-pair (when adjacent developmental stages did not occur in the data).
Model simulations. The model SINMOD is a physical-biological coupled numerical ocean circulation model of the Barents Sea, developed by SINTEF in close cooperation with biologists in Tromsø (Slagstad 1987 , Slagstad & McClimans 2005 , Wassmann et al. 2006 . The model setup used here covers the whole Barents Sea, the Polar Ocean and the Nordic Seas with 20 km grid cell distance (Fig. 1) . The ecosystem part of the model consists of 13 state variables, including nutrients, bacteria, phytoplankton, detritus, dissolved organic carbon, microzooplankton and the 2 mesozooplankton species Calanus finmarchicus and C. gla cialis (Fig. 2) . The model is nitrogen-driven, and conversion to carbon is ac cording to a constant C:N ratio of 7.6 (Reigstad et al. 2008 ) is a function of ingestion rate
) and m:
where a s is the assimilation efficiency and I is given by I = min(I max , I Dia + I Mic ), and I max = C ox e 0.063T is the temperature (T )-dependent maximum ingestion rate. C ox is the maximum ingestion rate at 0°C. I Dia and I Mic are ingestion rates of diatoms and microzooplankton, respectively, using a Holling Type II relationship between ingestion and food concentration (Holling 1959) . , respectively, for active stages (I. Ellingsen, SINTEF, pers. comm.; Wassmann et al. 2006) . The model characteristics are thoroughly documented in the scientific literature (e.g. Sakshaug & Slagstad 1992 , Wassmann & Slagstad 1993 , Slagstad et al. 1999 , Skar7hamar & Svendsen 2005 , Wassmann et al. 2006 , Sundfjord et al. 2008 , Reigstad et al. 2011 .
We performed sensitivity tests on the governing biological parameters: overwintering population size, growth season population size, and mortality rates. These tests were performed using a combination of 1-dimensional (1D) and 3-dimensional (3D) modelling; the ecosystem model was run 1D with input data of physical forcing from the 3D model, which was forced with atmospheric data from the European Centre for Medium-Range Weather Forecasts (ECMWF) operational archive.
We compared simulation results from different sides of the Polar Front in the Barents Sea. The southwestern part of the Barents Sea is dominated by Atlantic water, while Arctic water dominates north and east of the front (Loeng 1991) . We therefore refer to these ocean areas as the 'Atlantic' and 'Arctic' parts respectively of the Barents Sea. The 1D simulations were performed for 2 grid cells: 1 cell in the southwestern part of the Barents Sea, representing Atlantic water (Atlantic station) and dominated by Calanus finmarchicus, and 1 cell in the northern Barents Sea, representing Arctic water (Arctic station) with sea ice present, and dominated by C. glacialis (Fig. 1) . The simulations of Calanus development spanned 1 productivity season (23 February to 1 November 2005) covering the period of maximum population growth. Output data from the 1D model was temporal development of Calanus production and biomass. Simulations with different perturbations were performed to see how sensitive the 2 Calanus species are to variable stressors. The tests were conducted for both Calanus species, since their different life cycles in the Barents Sea may lead to different patterns of development. The biological part of the model was run in 1D with physical forcing data from the full-scale 3D model. Input data from the 3D model comprised vertical dis tribution and temporal variation of temperature ( Fig. 3) , salinity, vertical mixing, and temporal variation in ice cover and ice thickness. The Atlantic station was ice-free throughout the simulation. The water column here was vertically homogeneous with respect to temperature in winter, while a pronounced thermocline developed in June, before collapsing again in October (Fig. 3) . In contrast, the Arctic station was ice-covered for most of the simulated period, with surface temperature near the freezing point throughout -2 for C. finmarchicus and C. glacialis respectively, which are within the ranges reported for the Barents Sea in March and early spring (Tande 1991 , Arashkevich et al. 2002 and late autumn (Dalpadado et al. 2003) . In our test we chose starting values covering the entire range expected in the Barents Sea. Thus, C. finmarchicus overwintering population size (Atlantic station) was set to 1, 2, 4, 8 and 16 g C m -2 , and C. glacialis overwintering population size (Arctic station) was set to 0.5, 1.5, 2.5, 3.5, 5.0 and 8.0 g C m -2 at the beginning of the simulations. Growth season and population size: Simulations addressed the sensitivity of Calanus finmarchicus biomass to a population size reduction of 50% (Atlantic station) on 4 different dates. Four simulations were per formed, 1 for each date of reduction: 15 May, 1 June, 15 June and 1 July. A complementary sensitivity analysis was performed on C. glacialis biomass for a population size reduction of 50% (Arctic station) on the dates 1 June, 1 July, 15 July and 1 August. These simulations addressed the sensitivity to timing of episodic mortality increases. The dates were chosen in accordance with each species' temporal development in order to represent perturbations occurring from early growth to peak biomass. Therefore the dates of reduction are different for the 2 species/stations.
Mortality rate: Here we evaluated the sensitivity of Calanus finmarchicus biomass to mortality rates. Mortality rates were set to: 1.5, 3.0 and 4.8% d -1
. The default value used in the model was 0.75% d -1 for active (non-overwintering) and 0.15% d -1 for hibernating C. finmarchicus. Only the mortality rate for active C. finmarchicus was adjusted in the model runs. The highest value cor responded to the estimated mortality rates for C. finmarchicus obtained from field data (see 'Results: Natural mor tality rates and biomass from field data'). Based on the model results from C. finmarchicus (see 'Results: Variations in mortality rates'), we elected not to perform similar tests for C. glacialis.
All 1D simulation results were compared with the 'standard' 1D simulation (original model setup) in which the temporal development of Calanus production rate and biomass were simulated for the period 23 February to 31 October, encompassing the entire productive season. Only 1 factor was changed for each simulation, and possible cumulative effects resulting from interacting responses were not addressed here.
3D model experiment:
The 3D model simulations of Calanus development were performed with the model domain shown in Fig. 1 , providing a spatial simulation of productivity and biomass dynamics responses to increased and persistent mortality rates. Mortality of C. finmarchicus and C. glacialis was increased to 20% d -1 from 1 May to 5 June in 4 grid cells, representing a surface area of 1600 km 2 , at 2 specific locations. The lo cation in Arctic water masses was the same as the Arc tic station in the 1D experiments (Fig. 1, open  circle) . The other location was on the Norwegian continental shelf outside Vesterålen (Fig. 1, black square) . This location was chosen because it is in the main pathway for C. finmarchicus being advected into the Barents Sea from their overwintering sites, as well as being an important feeding area for cod larvae, i.e. the new recruits to the Barents Sea cod stock. It is also an area currently being considered for oil exploration by the Norwegian government. In May and June, the entire copepod population is present in the upper water column, exhibiting minor vertical migration due to the midnight sun (Falkenhaug et al. 1997 , Arashkevich et al. 2002 , Basedow et al. 2008 , Fossheim & Primicerio 2008 .
The scenario with mass mortality was set up to highlight potential spatial and temporal effects of a persistent perturbation. All other components of the ecosystem were unchanged. The relative change in bio mass (R B ) caused by the increased mortality rate was defined as: 
RESULTS

Natural mortality rates and biomass from field data
Natural variability in Calanus spp. biomass was high in the southeastern Barents Sea (Fig. 4) , but a seasonal signal was apparent, with lower levels in early spring (median dry weight for all years lumped was around 0.2 g m -2 in April), a clear peak in June and July (ca. 12 g m -2 ), and a secondary peak in September (ca. 7 g m -2
). In both locations and for both species, the estimated weight-specific mortality rates for use in simulation studies were high (3.3 to 4.8% d -1 ) and extremely variable (Table 1) . Wintertime values were somewhat lower for C. finmarchicus (1.6 to 2.2% d 
Model simulations
Standard model setup
The simulated seasonal development in Calanus finmarchicus production at the Atlantic station, using standard setup (Fig. 5) , shows that C. finmarchicus reaches maximum production in late June (Fig. 5b) . C. finmarchicus is predominantly herbivorous and utilises the phytoplankton bloom for successful reproduction, but also microzooplankton are of importance (Falk-Petersen et al. 1999 , Calbet & Saiz 2005 . The maximum biomass of C. finmarchicus is reached 5 d after the production maximum. There is a reasonably good 'match' between primary producers (Fig. 5a ) and C. finmarchicus. A similar pattern is found for C. gla cialis at the Arctic station (Fig. 5c ). The maximum production rate and biomass of C. finmarchicus is higher and is reached earlier than for C. glacialis, but the simulated production of C. glacialis was higher than C. finmarchicus from early July and onwards. Reduction of biomass during the productive season Scenarios of reduced Calanus finmarchicus biomass between 15 May and 15 June all led to a few days' delay in the timing of peak production and a lowering of the maximum biomass values compared to the standard model setup (Fig. 7) . A similar reduction of biomass on 1 July had no effect on the timing because maximum productivity had already been attained before 1 July in the 'standard' simulation. For all simulations, the productivity was slightly higher in July than in the standard run, but the biomass did not recover to the level of the unperturbed simulation. At the end of October, the biomass was between 2.4 and 3 g C m ) of all copepodite stages in the southeastern Barents Sea data set (see 'Materials and methods' for details). All data from 1952 to 1962 are combined. Boxes display median ± 1 quartile; whiskers denote distance to data point furthest away from median provided the distance from the central 2 quartiles is ≤1.5 box height;
and open circles denote outliers compared to 3.6 g C m -2 for the unperturbed case. The largest effect (least re covery) resulted from the biomass re duction of 1 July, which is at the seasonal maximum of biomass.
Scenarios of biomass reduction of Calanus glacialis between 1 June and 1 August also led to a few days' delay in the timing of peak production. These scenarios resulted in only a minor reduction in productivity, with the exception of the 1 August perturbation (Fig. 7) . However, for all test cases C. glacialis biomass did not recover to the level of the unperturbed simulation. At the end of October, biomass ranged from 2.8 to 3.5 g C m -2 , compared to 4.7 g C m -2 for the unperturbed case. The largest effect (least recovery) was seen for the biomass reduction of 1 August, which corresponds to the seasonal maximum of biomass.
Variations in mortality rates
To study how sensitive the model is to Calanus mortality parameterisation, 1D simulations were run with mortality rates set to 1.5, 3 and 4.8% d -1 and compared to the standard value of 0.75% d -1 in SINMOD. The values 3 and 4.8% d -1 represent our new field-based mortality rate estimates. For the mortality rates 1.5 and 3% d -1
, the onset of peak production and biomass was delayed, and the magnitudes were reduced (Fig. 8) . At the mortality rate of 3% d ), the growth rate was increased by 50%, resulting in a higher production rate and biomass levels, with a peak biomass of 4 g C m -2 at the end of June (not shown).
Spatio-temporal effects of increased mortality
The 3D simulation of persistent high mortality resulted in a biomass reduction up to 55% (r B > -0.55) at both locations (Figs. 9 & 10) , but the size of the af fected areas and the duration of the biomass reduction differed between the 2 locations. Both 'exposure areas' covered 1600 km 2 (40 × 40 km), where 20% of the biomass was removed per day (mortality rate: 20% d After 20 d (20 May), the affected area on the Northern Norwegian shelf (in the Atlantic region) was 10 times the size of the exposure area, exhibiting biomass reductions of Calanus finmarchicus between 20 and 55% (Fig. 9) . In contrast, the affected area east of Storbanken (in the Arctic region; C. glacialis) was 5 times the size of the exposure area (Fig. 10) . On the Northern Norwegian shelf, the C. finmarchicus biomass reduction was distributed over the shelf and northwards, reflecting the advection in this area. In August, 2 mo after the exposure ended, a biomass reduction of 10% was seen along the coast (Fig. 9 , lower right panel), while a slightly increased biomass (< 2%) was observed farther afield.
The area east of Storbanken (Fig. 10) is characterised by less advection, and the effect was therefore limited to a smaller region, but with larger and more durable impacts. In September, 3 mo after the exposure ended, the biomass of Calanus glacialis had still not recovered, but was 20% lower than in the reference run.
DISCUSSION
Our analysis of field data and model simulations focused on mortality as a key parameter in understanding the population dynamics of Calanus finmarchicus and C. glacialis in the Barents Sea ecosystem. Our limited knowledge of natural mortality rates for these key copepod species, as well as spatial and temporal scales of variability in mortality rates, hinder our ability to quantitatively assess population-level impacts related to higher constant or episodic in creases in mortality. This knowledge is essential in predicting ecological responses to stochastic perturbations such as oil-spill events, as well as responses to long-term impacts such as climate change. The present results illustrate relationships between mortality, population development, and the responses of these variables to perturbation events. We found that species' differences in their response to changing mortality rates are linked to habitat and life-cycle characteristics of individual species. In particular, C. gla ci a lis, with a 2 yr life cycle, has a more pronounced response to in creases in mortality compared to C. finmarchicus, a species with a shorter lifespan (1 yr) and higher natural mortalities.
Utility of model simulations
Numerical models, such as the physical-biological coupled SINMOD, represent simplifications and numerical expressions of our knowledge of the physical system, the ecosystem, and their interactions. In the present study, we used a simplified 1D version of the model to evaluate the temporal response of Calanus to changed mortality rates. This approach focuses on the response of zooplankton to 1 induced change at a time. It allows us to evaluate species re sponses during 1 productive season at single locations, isolated from the more complex effects of advection. Advection has, however, a strong impact on the production of C. finmarchicus in the Barents Sea . To get a more realistic simulation of both spatial and temporal effects of increased mortality of Calanus, 3D simulations are required. Our 3D simulation illustrates clearly how advection can both distribute an effect of a perturbation far away from the perturbation site, but also buffer the local effects on plankton in areas with high advective impact, like the Norwegian shelf and the southern Barents Sea. Our Arctic station represented a less advective region, leading to an enhanced local impact of increased mortality for C. glacialis.
To evaluate the realism in simulation results, comparisons with relevant field data are important. Such comparisons also evaluate the structure and key links in the ecosystem and test relationships between the ecosystem and the environment. New physical and biological data and parameterisations are continuously being incorporated into SINMOD to ensure that this model reflects our most recent ecosystem understanding (Elling sen et al. 2008 , Wassmann et al. 2010 , Reigstad et al. 2011 and to ensure that the model is relevant for the domain of interest. This includes simulated model distributions of Calanus in the Barents Sea, compared to field data . Models can test separate effects and handle complex inter actions, and also serve as a guide to focus fieldwork investigations or experimental studies to sensitive parameters. With models, we can perform largescale evaluation of patterns observed locally or processes identified through experimental investigation. In the present work, the use of 1D and 3D model setups identified mortality as 1 parameter in the ecosystem model that is sensitive to initial settings, and where sibling species such as the 2 Calanus species re spond differently. Our estimates of natural mortality rates from field data, combined with model simulations using these values, point to a need for a better understanding not only on species' mortality rates, but also their growth rates.
Field estimates of mortality rates
Copepod mortality in nature exhibits considerable spatial and temporal heterogeneity (Ohman & Wood 1996 , Plourde et al. 2009 ). The data set used in the present investigation is not of a quality that enables such finely resolved estimates in time or space. However, our results indicate higher mortality in May through August, relative to the rest of the year, and a lower mortality rate in Calanus glacialis compared to C. finmarchicus in the unproductive season of the northern Barents Sea (Table 1 ). In the Northwestern Atlantic, C. finmarchicus stage-pair CV-CVI showed elevated mortality from June to December, while mortality patterns were more variable for other stage combinations and between locations (Plourde et al. 2009 ). Thus our data set, which contains estimates from several years and locations, may introduce biases caused by factors other than location and species (e.g. variability in predator regime; Eiane et al. 2002) . Unfortunately, dataresolution issues for Calanus hinder investigations into the importance of mortality for secondary producers in the Barents Sea.
Our mortality estimates were based on the stage duration times provided by Campbell et al. (2001) , which were based on experiments limited to temperatures > 4°C. Some of our estimates, in particular those from the northeast Barents Sea, were obtained from waters of considerably lower temperature. In experimental situations at low temperatures, Corkett et al. (1986) reported stage durations of Calanus spp. somewhat lower than waht we have used. The implication from Eqs. (1) & (2) is that we may have underestimated mortality for actively developing Calanus in coldwater stations, particularly in winter. However, as most of the populations tend to be in dormancy during this period (Conover 1988 , Hirche & Kwasniewski 1997 , Arn kvaern et al. 2005 ), the potential bias should be somewhat reduced, and we conclude that the differences in mortality between the 2 time periods probably largely reflect natural variability in the life history of Calanus spp. in the study area.
The VLT data suggest that the major difference in mortality between the 2 Calanus species is found during winter. The data show a strong reduction in mortality for both species in winter, compared to summer, and the lowest winter mortality rate for C. glacialis. The ecological reasons for this are likely many. The switch from active feeding in the surface water with no pronounced vertical migration during the productive midnight-sun period (Falkenhaug et al. 1997 , Arashkevich et al. 2002 , to a predator-avoiding inactive diapause in a dark and deep habitat in the winter season, is part of the explanation behind the large difference in summer and winter mortality. Migrating predators like capelin or herring feeding on the lipid-rich C. finmarchicus in May and June (Varpe et al. 2005 ) is an other reason, and the stage composition in the population with dominance of young stages with higher mortality in summer, compared to older stages in winter, is a third factor.
Species' biomass linked to overwintering population size
The standard 1D simulations of biomass for the 2 Calanus species agree well with available studies on zooplankton dynamics in the Barents Sea (Tande 1991 , Arashkevich et al. 2002 . The simulations reflect the well-known strong dependency of these species on the timing of the spring bloom, and the delayed seasonality at the Arctic station due to icecover postponing the spring bloom (Falk-Petersen et al. 2000 , Hirche & Kosobokova 2003 .
Complementary 1D simulations compared the de pendency of Calanus finmarchicus and C. glacialis production on different overwintering population sizes. While the size of the overwintering population strongly affects seasonal development of C. glacialis biomass, with prominent effects even at the end of the productive season, this was not the case for C. finmarchicus. This is mainly due to the lower growth rates of C. glacialis implemented in this simulation in order to balance populations over their predominantly 2 yr life cycle. Calanus shows high plasticity in life history throughout its distribution area, which spans several climatic zones (Tande 1991 , Broms et al. 2009 ). In northern regions, C. finmarchicus usually overwinter as stage CV and reproduce as a response to the first feeding in the following spring (Tande 1991) . As adults tend to die after reproduction, the adult mortality rate is high, and overwintering specimens are nearly entirely from the new generation. This species may thus be less affected by changes in the overwintering population size, as long as winter mortality is low and the reproductive success is sufficiently high during the next spring. Therefore, the initial large variations in C. finmarchicus biomass converged towards the standard-run results by the end of these simulations. Food limitation for large populations and improved feeding conditions for small populations have most likely contributed to this response. In the Arctic and seasonally ice-covered shelf regions where C. glacialis is found, the productive season is so short that copepods usually require 2 yr to reach maturity. Overwintering C. gla ci alis populations therefore tend to consist of 2 age classes (typically developmental stages CIV and CV; Tande 1991 , Kosobokova 1999 , Broms et al. 2009 , and the mortality rate is on average expected to be lower than for C. finmarchicus. This was also seen in the VLT data, where the winter mortality for C. glacialis was lower than for C. finmarchicus.
Productivity cycles linked to mortality rates
Simulation with variable overwintering population size not only influences biomass, but also the timing and maximum level of production rates. When we compared the 2 species' biomass responses, the productivity of Calanus glacialis showed a weaker response compared to C. finmarchicus. A loss in biomass in a C. gla cialis population may be compensated by an in crease in the the production rate. For C. finmarchicus, the lowest overwintering stock exhibited the longest delay (14 d) in the timing of maximum production and the lowest peak productivity rate (< 50% of the rate observed for the highest overwintering population simulation). We attribute this pattern to a reduced potential of the population to utilise the available food production at the optimal time. A delayed and reduced productivity peak was also seen when the Calanus populations were reduced by 50% at different time points of their productivity cycles. However, the timing of maximum productivity was similar for these tests, which we attribute to limited food availability in the model runs. When mortality was induced late in the productive cycle (1 July), production was not negatively affected. This may be due to improved feeding conditions relative to the standard run, a likely scenario also in nature (Tokle 2006) . Copepod growth and reproduction re quires high food quality, and their development is sensitive to the timing of algae production (Søreide et al. 2010 ). Algal production is regulated by light and nutrients, and a delayed Calanus growth or reduced grazing capacity can result in a mismatch be tween copepods and their food, with algal biomass sinking to the benthos (Carroll & Carroll 2003 , Reigstad et al. 2008 or being grazed by other herbivores if present. Therefore the same amount and quality of food may not be available later in the season, and the copepod population cannot compensate for early-season mortality losses. Similarly, a delay in the production and biomass peak of Calanus will have consequences for higher trophic-level species feeding on Calanus (Cushing 1990) , such as cod and capelin (see e.g. Ellingsen et al. 2008) . Such mechanisms are not resolved in the model at present.
A second major factor influencing Calanus spp. responses to changes in mortality is the impact of advection. A considerable fraction of the C. finmarchicus population overwinters at depth (> 700 m) along the Norwegian Sea shelf slope and is advected into the Barents Sea every spring and then continuously through the productive season. Therefore, biomass production in the Barents Sea is continuously supported by this advective input , Slag stad & Tande 2007 . C. glacialis overwinter on Arctic continental shelves, where there is no or limited advective supply to moderate the effects of increased local mortality during the growth season. The combination of differences in the life-cycle period and the role of advective supply in sustaining biomass greatly influences the response of these 2 Calanus species to increased mortality. Such differences are important to consider when evaluating species' responses to external perturbation events.
Field-derived mortality rates versus model rates
In general, mortality rates derived from field data of Calanus spp. indicate that rates vary throughout the season, depending on a number of factors, e.g. developmental stage, availability of food and predation (e.g. Eiane et al. 2002 , Eiane & Ohman 2004 , Gislason et al. 2007 ). Our VLT-estimated mortality rates for C. finmarchicus (3.3 and 4.8% d -1 ) during summer are much higher than the rates currently used in the model (0.75% d -1 ). Our sensitivity analyses revealed that the mortality rate of C. finmarchicus strongly affects total C. fin marchicus production and biomass. Ap plying mortality rates of 3.0 and 4.8% d -1 in the model led to a drop in C. finmarchicus production of 60% and > 90% respectively, and a collapse in C. finmarchicus biomass. Based on these results, no corresponding tests were run for C. glacialis, because the difference between the default model mortality rate and the VLT-based mortality estimate was even higher for this species.
This may suggest that the upper limits to our field estimates of weight-specific mortality are erroneous. Unfortunately, besides the data used in the present investigation, there are few data on field mortality of Calanus in the Barents Sea that may serve as a source to validate our efforts, for instance to check for a bias in our conversion of individual-based rates into weightbased rates. Secondly, we have relied on estimates made from data from the latter part of the life cycle only (the copepodite stages), and extrapolating these estimates to cover the whole life cycle (eggs and nauplii) may be problematic. It is often assumed that mortality is very high in early life stages of broadcast spawning copepods (Ohman & Hirche 2001 , Hirst & Kiørboe 2002 , but this may vary over short spatial scales (Eiane et al. 2002) . On t he other hand, if the field mortality rates are correct, and the mortality rates presently used in the model are too low, then species' growth rates must also be too low, as the combination of mortality and growth rates in the model produce realistic biomasses that are comparable to observations over a large area and on inter-annual time scales ).
Potential impacts of external perturbations on biomass and production
The results of our simulations provide valuable information about key parameters of ecological relevance, which help to evaluate the outcome of external perturbations that may occur in northern marine ecosystems. Human activities are increasing in the region, particularly shipping of petroleum products (AMAP 2007 , Bambulyak & Frantzen 2009 ). Accidents in the past, such as the Exxon Valdez oil spill, have shown that the effects of an oil spill range from direct mortality of a limited number of individuals in an ecosystem to long-term effects leading to significant losses within a population (Peterson et al. 2003) . The recent large blowout from the Deepwater Horizon oil rig in the Gulf of Mexico in 2010, which lasted 87 d, produced an oil slick covering a surface area of about 41 400 km 2 1 mo after the accident (Cleveland 2010) , and the ecological implications of the accident are only just being as sessed. Compared to the Deepwater Horizon blowout, our model scenario can be regarded as small and conservative with its duration of 36 d and surface area of 1600 km 2 . Recent oil-drift simulations performed by the Norwegian Meteorological Institute (met. no) show that a large oil spill of duration 87 d on the Norwegian shelf of Vesterålen would affect the coastal waters from Lofoten to Nordkapp (M. Reistad, met. no, pers. comm.) , thus greatly exceeding the area suggested in our simulation. It must be recognised that our 3D simulation evaluates a single arbitrary scenario of a constant mortality population loss. Our model ex periment was performed to evaluate how biomass reductions propagate through space and time, without consideration of the influence of changes to the dis tribution, transport and degradation of oil; nor does the model take into account the true range of biological effects (Neff 2002 , Peterson et al. 2003 . Therefore, one must use caution when extrapolating our simulation results to 'realworld' cases. Instead, our simulations are meant to highlight a few key ecological interactions that sustain Calanus spp. populations in the Barents Sea and that would be expected to respond to a large-scale mortality event, irrespective of the cause. These key ecological interactions are discussed here with a view toward how the findings of the present study contribute to our understanding of population-level impacts of oil spills in northern marine ecosystems.
The responses to increased mortality for the 2 Calanus species, illustrated through 1D model simulations, are tightly linked to the life cycle of the individual species. For example, we have shown that a low overwintering population of C. glacialis leads to a lower population biomass during the following season. This im plies that if the timing of an oil-spill event is such that it leads to reduced biomass in the overwintering population, we would expect a population reduction to oc cur in the following year. Similarly, if an oil spill occurs in a season following a naturally low overwintering population, C. glacialis would be at greater risk for a population loss. Conversely, the life cycle of C. finmarchicus makes this species more resilient at the population level to such perturbations, although the timing of production and biomass peak is likely to be affected, as shown in the 1D model simulations, with potential consequences for higher trophic levels like fish and seabirds feeding on the C. finmarchicus biomass.
Our 3D simulation illustrates how an oil spill leading to a mass-mortality event (20% zooplankton biomass re duction for 36 d) propagates in both space and time as a loss of biomass in Calanus spp. populations. The simulation resulted in a drop of zooplankton biomass from 5-6 g C m -2 (standard run) to 1-2 g C m -2 (20% d -1 mortality) during the critical summer-feeding period in the Arctic. The impact on the C. glacialis population (up to 55% population loss) at the Arctic station ( Fig. 1 ) was relatively localised (Fig. 10) , while a more widely distributed impact occurred for C. finmarchicus in the shelf area (Fig. 9 ). There was a significant drop in C. glacialis biomass during late May to early June (Fig. 10) ; by late August the area of influence moved somewhat to the southeast of the point of impact but a strong relative change in Calanus biomass is still visible. The size of the area of influence at each location is related to the predominant physical-oceanographic conditions, with a higher water-residence time at the location in Arctic waters compared to the Norwegian shelf area. Consequences for higher trophic levels will depend on a predator's ability (e.g. seabirds, capelin or cod larvae) to switch feeding grounds in the event of a significant reduction in Calanus biomass in one region. For nesting seabirds in particular, this may result in greater time and energy expenditures in food foraging for chicks, which over the long term may have consequences for breeding success (Kwasniewski et al. 2010) .
CONCLUSIONS
The most important findings of the present study are: (1) The 2 sibling copepod species Calanus finmarchicus and C. glacialis respond differently to increased mortality and this can be explained by differences in their life cycle as well as habitat. (2) Increased mortality of Calanus influences the timing of peak Calanus production and biomass, with consequences for their ability to exploit the peak phytoplankton production. (3) Natural mortality rates presently used in the model may be too low, compared to new field estimates; combined investigations of natural mortality and growth rates are needed.
The present study also provides valuable insights into how models can be used as tools to identify critical parameters and to assess possible consequences of external forcing factors such as oil-spill events in the environment. The combination of using 1D models to identify and test sensitivity of critical parameters, and 3D physical-biologically coupled models to provide spatial effects through physical forcing, addresses 2 main issues that are crucial when trying to grasp ecosystem or key species responses. The importance of understanding life-history strategies and life cycles of species is also strongly underlined and exemplified through the responses from the 2 sibling species C. finmarchicus and C. glacialis. Modelling and sensitivity tests like those we have performed here can also help focus on the important questions in fieldwork to improve our knowledge of critical parameters. 
